We obtained 5' and 3' flnking sequences (5.4 kilobase pairs) from the *V-globin gene region of the rhesus macaque (Macaca mulatta) and combined them with available nucleotide data. The completed sequence, representing 10.8 kilobase pairs of contiguous noncoding DNA, was compared to the same orthologous regions available for human (Homo sapiens, as represented by five different alleles), common chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla), and orangutan (Pongo pygmaeus). DNA (18)] were added-to these 7.6-kbp orthologues, thereby completing the 10.8-kbp alignment of continuous noncoding DNA used in our analysis.
Macaca mulatto provided the outgroup perspective needed to evaluate better the relationships of humans and great apes. Pairwise comparisons and parsimony analysis of these orthologues clearly demonstrated (i) that humans and great apes share a high degree of genetic similarity and (a) that humans, chimpanzees, and gorillas form a natural monophyletic group. These conclusions strongly favor a genealogical classification for higher primates consisting of a single family (Hominidae) with two subfamilies (Homininae for Homo, Pan, and Gorilla and Ponginae for Pongo).
Huxley (1) and Darwin (2) were the first to suggest that African apes [represented then by the common chimpanzee (Pan troglodytes) and the gorilla (Gorilla gorilla) and more recently as well by the pygmy chimpanzee (Pan paniscus)] are the closest living relatives of humans (Homo sapiens). The taxonomic importance of these observations was not addressed by Huxley (1) , as humans were assigned by him to their own suborder of Primates. In contrast, Darwin (2) proposed that, from a genealogical perspective, humans should not occupy more than a unique subfamily or family. In the last century, most classifications for higher primates recognized separate families for humans and great apes: Hominidae for humans and Pongidae for the African apes and orangutan (Pongo pygmaeus) of southeast Asia (i.e., refs. 3 and 4) . In these schemes, gibbons (Hylobates and Symphalangus) were assigned to either their own family (Hylobatidae) or to that for the great apes (Pongidae). In the latter case, little doubt exists that the family Pongidae is rendered unnatural [paraphyletic or polyphyletic (5) ] by the inclusion of these hominoid genera (6) (7) (8) . Greater dispute surrounds the genealogical affinities of the great apes themselves, and as such, the monophyly of their family (Pongidae, restricted hereafter to African and Asian apes). The morphological studies of Schultz (9) and Kluge (10) support the existence of a great ape clade (and therefore the monophyly of Pongidae). In contrast, Schwartz (11, 12) , using anatomical data, argues for separate human/orangutan and chimpanzee/gorilla lineages, whereas molecular data and other morphological evidence clearly favor a human/African ape arrangement (and not a monophyletic Pongidae). At present, the human/African ape grouping remains the most widely accepted hypothesis, as it is heavily supported by both DNA-DNA hybridization (13, 14) and nucleotide sequence (15) data.
The P-globin gene family in catarrhine primates [humans, great apes, and Old World monkeys (family Cercopithecidae)] has been well characterized in terms of its evolution, structure, and function (16) . In catarrhines, this cluster consists of six (3-related globin genes linked 5' to 3': E (embryonic)-f-'y2 (fetal)-,qn (inactive pseudogene)-sl3(adult) (17) . In this study, upstream and downstream flanking sequences of the 4rM-globin locus [an additional 5.4 kilobase pairs (kbp)] were determined for the rhesus macaque (Macaca mulatta, family Cercopithecidae).** These sequences were combined with published nucleotide data (15, 18) and then compared to orthologous regions available for human (Homo sapiens, as represented by five alleles), common chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla), and orangutan (Pongo pygmaeus). These orthologues, covering nearly 10.8 kbp, represented the longest contiguous stretch of noncoding DNA known for humans and other higher primates (19) . The completed sequence for rhesus macaque provided the outgroup perspective needed to evaluate further the phylogenetic relationships and taxonomic affinities of higher primates (6) (7) (8) . With this sequence, extensive molecular evidence was obtained in favor of a genealogical classification for humans and great apes (20, 21) .
MATERIALS AND METHODS
Nudeotide Sequences. Nucleotide sequence data from the *q-globin gene region ofMacaca mulatta were obtained from the same pBR322 clone (pMmul4.7-R10.0) used by Koop et al. (15) and Slightom et al. (22) . The same 5' and 3' flanking sequences obtained by Miyamoto et al. (19) were determined for this clone by the chemical sequencing method (23) . The data obtained (5.4 kbp) were then combined with published 0/rr-gene sequences for rhesus macaque (15) , thereby completing the same orthologous region (7.6 kbp) available for human, common chimpanzee, gorilla, and orangutan (19 
7627
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
GrCCTT** GACAC Estimates of sequence divergence were calculated first from pairwise comparisons of the five catarrhine primates and then from pairs of the five human alleles. In the former analysis, two combined sequences for human (alleles CW + R and CW + T) were used in the interspecific comparisons of the catarrhine species (Table 1 ). Averaged percent divergences were then calculated from these combined sequences. The CW, R, and T alleles were chosen for these comparisons because they collectively covered the entire 10.8-kbp region under consideration.
Genealogical reconstructions for the nine sequences (five human alleles and four other catarrhine orthologues) were (Fig. 1) shared a high degree of sequence identity (Table 1) . On average, the most divergent representative of higher primates (orangutan) differed from the other three (humans and the African apes) by 3.46% (range: 3.39-3.52%). Humans and common chimpanzees shared the fewest differences (1.61%), whereas Pan and Gorilla differed the most among these three (1.84%). On average, higher primates varied from the outgroup (rhesus macaque) by 7.46% (range: 7.38-7.59%o).
Only minor sequence differences were detected among the five human alleles ( Table 2 ). The two upstream alleles (CS and CW) varied by three gap differences in homonucleotide runs and direct contiguous repeats (19) . In the downstream region, R, T, and PONCZ differed on average by less than 0.50% (range: 0.16-0.67%). Clearly, the T orthologue exhibited the greatest differences among the downstream alleles.
Higher Primate Phylogenies. Parsimony scores were calculated for all possible dichotomous arrangements of the study group (four higher primates) and outgroup (rhesus macaque). For each of the 15 interspecific possibilities, three The evidence in favor ofthe most-parsimonious results was quite strong (Fig. 2) . The human/African ape grouping in the most-parsimonious solution was supported by 82 unequivocal synapomorphies [unique mutations (5) ] representing 51 transitions, 23 transversions, and 8 gap events (Table 3) . Minimally, 74 extra mutations relative to the most-parsimonious score were needed to replace this arrangement with an alternative one for humans and the African apes (Fig. 2) . Even greater numbers of additional mutations were required (87 and 88, respectively) by the great ape hypothesis of Schultz (9) and Kluge (10) and by the human/orangutan versus African ape arrangement of Schwartz (11, 12) . Clearly, these parsimony results provided strong evidence for a human/African ape grouping (13) (14) (15) .
In a similar fashion, the Homo/Pan clade was supported by 10 unequivocal synapomorphies representing 4 transitions, 3 transversions, and 3 gap events (Table 3) . In this case, 7 additional mutations relative to the most-parsimonious score were needed to replace this arrangement by the chimpanzee/gorilla or human/gorilla alternatives (Fig. 2) .
DISCUSSION
Genetic Identities. The percent divergence estimates calculated for higher primates clearly support the contention that humans and great apes share a very high degree of sequence identity (Table 1) . Overall, higher primates differ by 1.61-3.52% according to our results. These measurements conform closely to the divergence estimates calculated from DNA-DNA hybridization (13, 14) and from sequence comparisons of other noncoding genomic regions (27, 29 Base positions in italics and boldface correspond respectively to the nucleotide numbering systems of Koop et al. (15) and Maeda et al. (18) , whereas all other sites refer to the sequence alignment in Fig.  1 . Gap events [insertions (I) and deletions (D)] involving homonucleotide repeats are denoted with asterisks (19) . Abbreviations follow those used in Table 1. even greater when coding regions are considered instead [e.g., divergences decrease to <1.00-1.50%o (27, 30, 31) ].
Thus, an extensive body of molecular evidence exists in support of the widely held view that the nuclear genomes of higher primates are very similar.
The smallest interspecific divergence (1.61% for Homo and Pan) is approximately 2.5 times as great as the largest value found among the human alleles (0.67% in the T and PONCZ comparison). This observation implies that intraspecific variation in humans contributes relatively little to the interspecific differences among higher primates. Nevertheless, the closely spaced branching points for human, common chimpanzee, and gorilla must be viewed with caution, as they remain particularly vulnerable to errors caused by polymorphisms [(19, 32) and see below].
Genealogical Relationships. A close genealogical relationship among humans and African apes is strongly supported by the rqn-globin sequences ( Fig. 2 and Table 3 ). This arrangement for higher primates is heavily corroborated by an extensive body of independent evidence from both molecular and morphological sources (see refs. 6-8 and 21 for reviews). In contrast, very little evidence (indeed, virtually none from molecular sources) exists in favor of the hypotheses adopted by Schultz (9) , Kluge (10) , and Schwartz (11, 12) . Great apes do not form a monophyletic unit nor are humans closely related to orangutans according to our results and those of others (13) (14) (15) . Rather, the evidence remains overwhelmingly in favor of a human/African ape clade (6) (7) (8) 21) .
A close relationship between human and chimpanzee is clearly favored by the qnq-globin sequences ( Fig. 2 and Table   3 ). As such, the Homo/Pan clade is retained as our best estimate of human and African ape relationships (13, 14, 19, 21, 28) . Nevertheless, the question of branching error due to intraspecific variation remains despite our use of multiple human alleles (30) . In this respect, new sequences from different individuals of great apes will be important for the determination ofpolymorphic patterns in higher primates and their relationship to polymorphisms in humans (19) . A better understanding of intraspecific polymorphism and its importance in reconstructing phylogeny is expected to emerge once these sequences are provided (32 (33, 34) . Rates of fr-globin evolution, as calculated with these dates and the branch lengths in Fig. 2 (7) . These calculations, furthermore, place the separation of human and chimpanzee somewhere between 4.7 and 7.1 Myr ago. These times of divergence for humans and African apes closely agree with the estimates of others as synthesized from both molecular and paleontological information (13, 14, 36, 37) .
Taxonomic Conclusions. The current body of molecular and morphological data provides convincing support for the following conclusions: (i) that humans and African apes form a natural monophyletic group; and (ii) that higher primates (Homo, Pan, Gorilla, and Pongo) share a high degree of genetic identity. The close relationship among humans and African apes documents that the family Pongidae (Pan, Gorilla, and Pongo) is not monophyletic. Furthermore, the extensive genetic similarities shared by higher primates demonstrate that a separate family for Homo (Hominidae) is not warranted. In short, the widely adopted classifications for higher primates are in need of taxonomic revision (7, 20, 21) . Humans and great apes can be placed into a single family (Hominidae) with two subfamilies (Homininae for Homo, Pan, and Gorilla and Ponginae for Pongo) as proposed previously by Goodman and Moore (20) and Groves (21) . By adopting these recommendations, a genealogical classification (in the sense of ref. 5 ) is supported that more fully reflects both the relationships and the genetic similarities of its members (38) .
In conclusion, the following genealogical classification [based on phyletic sequencing (38) and the taxonomic schemes of Goodman and Moore (20) and Groves (21) 
